Coalbed methane (CBM) reservoirs in China are featured in remarkable nanosized pores below 200 nm, acknowledged natural cleats, and tectonic fractures. This paper discussed the possibility that a clay free microfoamed drilling fluid could be stabilized by silica nanoparticles (CFMDF-NP) so as to avoid formation damage of CBM drilling. In accordance with the experimental results of foaming capacity and foam stability test, basic drilling fluid performance appraisal, micromorphology observation, swelling test, and gas permeability test, the mechanism of the CFMDF-NP was discussed in this paper. The results indicated that, with 10-20 nm nano-SiO 2 , the foaming volume of traditional foamed drilling fluid could be improved by up to 50% and an increased half-life period by up to 200%. Chemically treated nano-SiO 2 dispersions functioned as a foam stabilizer and a foaming agent as well. The CFMDF-NP had controllable density (0.7∼1 g/cm 3 ) and excellent rheological and sealing properties, which could satisfy the drilling requirements of the low pressure coal seams. With 5-8 mm slicing on the contaminated side of coal cores, the contaminated zone could be removed and the recovery rate of gas permeability could reach up to 70%. The CFMDF-NP laid good technical foundation to decrease formation damage of CBM reservoir.
Introduction (1) Pore Structure Characteristics of Coalbed Methane (CBM)
Reservoir. The pore structure of coal has attracted extensive attention, which not only directly determines the gas adsorption and desorption ability of coal [1] [2] [3] , but also affects the interaction between pores and drilling fluid. According to the IUPAC classification [4] [5] [6] of coal pore size, the pore structures of coal are divided into micropores (<2 nm), mesopores (2 nm-50 nm), and macropores (>50 nm). Nanosized pores including micropores, mesopores, and macropores below 200 nm are widely found in the coal matrix from widespread coals samples as well as acknowledged natural cleats and tectonic fractures [1] [2] [3] [7] [8] [9] [10] [11] . For example, mesopores and micropores in the CBM reservoirs from San Juan basin, Black Warrior basin, Piceance basin in USA, and Qinshui basin in China have a proportion above 75% [9, 12] .
(2) Formation Pressure Characteristics of CBM Reservoir.
On the other hand, the pressure gradient of CBM reservoirs ranges from 3.68 to 9.72 kPa/100 m and averages to be 6.68 kPa/100 m, based on the testing parameters from 31 CBM testing wells in Qinshui Basin, Shanxi, China [9, 13] . It indicated a rather low pressure gradient level. Encountered with commonly used water, bentonite mud, and cement slurry, it might easily result in lost circulation and formation damage induced by hydraulic pressure differential (the differential between static hydraulic pressure of drilling fluid or cement slurry and formation pressure).
(3) Formation Damage Mechanisms Caused by Commonly
Used Drilling Fluids in CBM Drilling. Drilling fluid interacts with coal seams directly during the exploitation of CBM resources. Low mechanical strength of coal often leads to structural collapse and crush and produced formation damage around the wellbore [14, 15] as well. Therefore, drilling fluid is required for ensuring borehole stability of coal seams with natural cleats, tectonic fractures, and nanosized pores and reducing formation damage as much as possible [16] [17] [18] [19] .
During CBM drilling, although water is widely used, its cuttings-carrying capacity is poor, which may easily cause borehole collapse. Plenty of drilling practices have shown that it can only be used in stable coal seams with relatively simple structure. Moreover, it may cause formation damage to coal seams with a high content of clay minerals. Taking the 3# coal seam in Jincheng, Shanxi, China, as an example, it had 8% clay minerals on average [13, 20] . Moreover, it is ascertained that gas flow into the borehole from coal seams is through natural cleats and tectonic fractures while the cleats porosity occupies 1-2% of the total porosity in the coal rocks. Coal matrix has strong capability to absorb liquid and gas as it contains plenty of organic humic molecules. Therefore, the slight expansion of coal matrix may bring the substantial decrease in cleats' gas permeability. Coal sample obtained from 1st test well of Jincheng in contact with deionized water experienced a decrease in gas permeability from 0.47 mD to 0.33 mD. A decreasing ratio of 29.78% of the gas permeability was observed [12] . Gentzis et al. [21] also found that coal fines (cuttings) appearing in simulated drilling of a coal seam with brine were severely harmful to the cleats. The near wellbore permeability was reduced by 87.5%.
Bentonite mud is frequently used to stabilize coal seams. It is accepted that the fractures in CBM reservoir are featured in "being flat, straight, and wide" for their featured face cleats and butt cleats. Where the particles (such as bentonite, lost circulation materials, and cuttings) in the drilling fluid match with the width or diameter of the cleats or fractures, they will invade into the deep space of the reservoir along with the filtrate until they are deposited and lose the mobility. Coal samples from Liulin, Shanxi, China, went through a loss of permeability that varied in the range of 1.13-81.42%, depending on the original permeability and the matching relationship between the particles size and the width or diameter of cleat or fracture [12] .
Furthermore, to increase borehole stability and improve solids transport capability, polymer solution is a substitution to bentonite mud. As mentioned above, coal has rather powerful adsorption capability. The polymers can be absorbed or plugged into the fractures and pores of coal rocks, resulting in the decline of gas permeability. Zhao et al. [12] found that the gas permeability of the coal sample collected from Liulin, Shanxi, China, decreased from 3.17 mD to 1.86 mD when it contacted 0.1% partially hydrolyzed polyacrylamide (PHP) solution.
Air drilling is featured in high efficiency and less formation damage in stable and hard coal seams in United States and China. However, it is difficult to directly apply air drilling to the unstable or loose coal seams [22] . Therefore, engineered and powerful drilling fluid with low formation damage is necessary to handle the problem of borehole stability and reservoir protection.
(4) Examples of Low Damage Drilling Fluids in CBM Drilling.
Barr [17] introduced the guideline to optimize drilling fluids for CBM reservoirs, including reservoir analysis, coal rank analysis, soak and roll test, hot roll analysis on shale samples, methylene blue test method, production water analysis, rheology of drilling fluid with both production water and fresh water, and capillary suction time analysis. Baltoiu et al. [16] developed a unique "matting" drilling fluid by exploiting the strong surface electrical charge of the coal, which could not only maintain borehole stability but also minimize fluid loss. Two boreholes with the length over 1000 m, drilled with the unique drilling fluid system, showed exceptional stability in Mannville coal seams of Central Alberta, Canada. Gentzis et al. [21] found that a thin mud cake could be made using two fluid loss control additives of FLC 2000 and Q-stop, and a small pressure drop was sufficient to remove the mud cake. Apart from a little fluid loss, no borehole instability problem was found in two boreholes with the length of 953 m and 1400 m in the deep Mannville coals in Alberta, Canada. Zheng et al. [23] developed fuzzyball working fluid suitable for low-pressure leakage coal seams, which could plug leaking passages of different size simultaneously without any impact on normal operation, and the formation damage could be reduced effectively. It seems that physical plugging is an effective and frequently used method to decrease water invasion into reservoirs and to avoid borehole instability or formation damage in oil and gas drilling. The physically plugged silica nanoparticles (nanoSiO 2 ) are capable of improving the shale wellbore stability upon Gurpi shale in Iran, Atoka shale in Golf of Mexico, and Mancos shale in North Texas, USA [24] [25] [26] .
Foam has been utilized as drilling fluid to achieve underbalanced drilling in the low pressure formation for several decades [27] [28] [29] . For instance, recycled microfoamed drilling fluid can help to solve lost circulation and formation damage in the low pressure formation. It does not require special foam generator if the flow or mixing conditions are complete [30] and present good cuttings-carrying performance in horizontal wells [31] .
Here, we propose clay free microfoamed drilling fluid stabilized by nano-SiO 2 (CFMDF-NP) to mitigate formation damage to coal seams featured with natural cleats, tectonic fractures, nanosized pores, and low formation pressure in China. It can invade into the CBM reservoir with limited depth (below 10 mm). Based on foaming capability and foam stability appraisal, basic drilling fluid performance test, micromorphology observation, swelling test with man-made coal cores, and gas permeability test upon original coal rocks, the mechanism of the CFMDF-NP for reducing formation damage to CBM reservoir was derived.
Materials and Methods

2.1.
Materials. Nano-SiO 2 dispersion was bought from Hangzhou Wanjing New Materials Co., Ltd., in China. It was milk white, with the silica's concentration of 30%. Its diameter varied from 10 nm to 20 nm, as shown in Figure 1 : transmission electron microscopy (TEM) picture.
Foaming agents such as sodium dodecyl benzene sulfonate (ABS) and lauryl sodium sulfate (K 12 ) were chemically pure and bought from local chemical stores. Foam stabilizer such as xanthan gum (XC) and carboxymethyl cellulose (CMC) was chemically pure and bought from local chemical stores, which also acted as viscosifier to offer the basic rheological properties of the foamed drilling fluid. Filtration additive such as modified starch (DFD) and polyanionic cellulose (PAC) was chemically pure and bought from local chemical stores.
Coal samples were collected from 3# coal seam in Jincheng, China. Its composition was shown in Table 1 and porosity was 10%. Typical interpretation with Image J for the original scanning electron microscope (SEM) pictures of the varied sections ( Figure 2 ) presented the pore distribution pattern in the matrix of coal rocks from 3# coal seam in Jincheng, China, varying from 25 nm to 439 nm. Based on the statistical data analysis, the pores below 200 nm accounted for not less than 80%.
SC-50B core rig was used to get cores with the diameter of 25 mm for gas permeability test. Moreover, 4.6 g coal powder of 140-160 meshes, 0.4 g bentonite, moderate dosage of sodium silicate, and CaCl 2 solution were mixed together and poured into a core pressing machine for 20 minutes at 15 MPa. These man-made coal cores were prepared for swelling test, with the diameter of 25 mm and the height of 9.2 mm.
Apparatus.
Apparatus such as FA-1004 electronic scale, GJD-B12K high-speed mixer, ZNN-D6 rotary viscometer, ZNS-5A filter press, Zhongxing101 electric air blowing dryer, JHP core pressing machine, ZNP-1 swelling capacity tester, SC-50B core rig, QM-1 core rock cutting and sharpening machine, JHGP intelligent gas permeability tester, JHCF core flowing tester, and metallographic electron microscope were used in the experiments. Water, foam stabilizer, 0∼0.125% nano-SiO 2 , and foaming agent were mixed successively for 60 s at 1000 r/min. Two samples were prepared for each formula. Foaming capacity (foaming volume, mL) and foam stability (half-life period, min) were evaluated separately. The results were shown in Table 2 and Figure 3 .
Method
Effect of Nano-SiO
Effect of Nano-SiO 2 on Foam Stability of Microfoamed
Drilling Fluid. The half-life period of microfoamed drilling fluid spanned from several hours to tens of hours, which might result in error in the testing process. Undoubtedly, the more the broken foam, the higher the density of microfoamed drilling fluid. Therefore, the foam stability was evaluated by testing the density change rate of the foamed drilling fluid based on the original density. Two types of microfoamed drilling fluids were developed, including the low viscosity clay free microfoamed drilling fluid (LV-CFMDF) and LV-CFMDF plus 2% nano-SiO 2 (LV-CFMDF-NP), to find out the difference in foam stability with or without the nano-SiO 2 . The formula was listed as follows: LV-CFMDF: water + 0.1% CMC + 0.2% DFD + 0.005% K 12 + 0.2% XC + 0.1% PAC.
LV-CFMDF-NP: LV-CFMDF + 2% nano-SiO 2 .
In intensifying the bubbles in the microfoamed drilling fluid, the presence of polymers like XC, CMC, PAC, and DFD also offered the basic rheological, filtration control properties of the drilling fluid, which ensured the cuttings could be brought to the surface and decrease the fluid loss in the CBM reservoirs. The result of foam stability appraisal based on the change rate of density was shown in Figure 4 .
Basic Parameters and Micromorphology.
Successively, the basic parameters such as density, apparent viscosity (AV), plastic viscosity (PV), yield point (YP), and fluid loss (FL) were evaluated, as shown in Table 3 . Besides the LV-CFMDF-NP as mentioned in Section 2.3.2, the high viscosity clay free microfoamed drilling fluid stabilized by nano-SiO 2 (HV-CFMDF-NP) was also proposed here.
HV-CFMDF-NP is composed of water + 0.2% CMC + 0.5% DFD + 0.01% K 12 + 0.3% XC + 0.2% PAC + 2% nanoSiO 2 .
The basic performance and the micromorphology of the microfoamed drilling fluid were shown in Table 3 and Figure 5 , respectively. 
Swelling Test.
As mentioned above, coal samples from 3# and 15# coal seam in Jincheng, Shanxi, China, had an average clay mineral content over 8% [13] . Therefore, 8% sodium bentonite was added into the man-made coal sample to evaluate the swelling increment of coal rocks in contact with the HV-CFMDF-NP. To get better comparison effect, fresh water, 3% bentonite mud, and 3% potassium chloride (KCl) solution were examined together. The swelling increment (mm) was checked every half an hour. The result was shown in Figure 6. 2.3.5. Gas Permeability Appraisal. The permeability of coal rocks is the most important parameter, which affects the production of CBM wells. Therefore, the permeability of the original coal rocks in contact with varied working fluids can be used to evaluate their reservoir protection effect. The tests were carried out in the following steps. Three coal cores were sampled by drilling and numbered as 1-3#. The forward gas (N 2 , the same below) permeability was obtained through the JHGP intelligent gas permeability tester at ambient temperature and denoted as 0 . The coal core was contaminated at reverse direction by the HV-CFMDF-NP in the JHCF core flowing tester at 2 MPa confining pressure and 1 MPa axle pressure. The gas permeability at forward direction was tested and denoted as 1 . The contaminated side of the coal core was sliced by 5-8 mm and the gas permeability at forward direction was tested and denoted as 2 . As for coal core 4-5#, the procedure was similar, except the difference that the HV-CFMDF-NP was substituted by 3% KCl solution. In the test with 3% KCl solution, the fluid loss at the other side of the coal core was also recorded for its low viscosity. The results of gas permeability tests were shown in Figure 7 and Table 4 .
Results and Discussion
Effect of Nano-SiO 2 on Foaming Capacity and Foam
Stability of Foamed Drilling Fluid. Similar to each formula, better foaming and stable effect were observed when the nano-SiO 2 's concentration ranged from 0.05 to 0.1% and the optimal dosage of nano-SiO 2 was 0.075%, as shown in Figure 3 .
In formula 2#, the foaming capability of foamed drilling fluid could be improved by up to 17.65% and its half-life period could be increased by up to 67.13%. The highest growth rate of foaming volume and half-life period appeared in formula 4#, with the corresponding value of 56.67% and 217.57%, respectively. Therefore, unlike conventional foam stabilizers, chemically treated nano-SiO 2 dispersions functioned not only as a foam stabilizer but also as a foaming agent. Conventional foam stabilizers such as XC and CMC improved the stability of foam and decreased the foaming volume simultaneously.
Moreover, in the presence of stabilizer like XC (in formulas 2# and 4#), the foamed drilling fluid had less foaming volume and longer half-life period compared to CMC. Its half-life period reached up to 2.5-3.0 hours which might satisfy the requirements of CBM drilling. It indicated that XC was superior to CMC for its higher molecular weight (5 × 10 6 ) and better viscosifying capability. More elastic and deformable foam membranes could be formed, resulting in less foaming volume and better stability of the drilling fluid.
Effect of Nano-SiO 2 on Foam Stability of Microfoamed
Drilling Fluid. For the microfoamed drilling fluid prepared with the same formula, the foaming capacity and foam density varied from each other, depending on mixing conditions. For example, longer mixing time and faster mixing speed always brought higher foaming volume, lower mud density, and smaller bubble size. That is to say, these parameters could be adjusted to match with the coal geology pattern as necessary. For convenience, the mixing time in the subsequent tests was set as 20 minutes and the mixing speed was set as 3000 r/min uniformly. Figure 4 indicated that both the LV-CFMDF and the LV-CFMDF-NP experienced an increase of density in 4 hours. The LV-CFMDF's density had higher growth rate as 18.68% in the absence of nano-SiO 2 . The growth rate of the density of the LV-CFMDF-NP was only 10.17%. A differential decreasing rate of 8% was observed without or with nanoSiO 2 . This confirmed the capability of nano-SiO 2 improved the foam stability of microfoamed drilling fluid.
Basic Parameters and Micromorphology.
It could be seen from Table 3 that the density and rheological parameters of the CFMDF-NP were fine. The selection of the LV-CFMDF-NP or the HV-CFMDF-NP could be decided by the coal geology pattern such as mechanical strength and integrity of the coal rocks. The high viscosity system had better borehole stability and cuttings-carrying capability. However, its API fluid loss was not suitable for measurement. This disadvantage could be mitigated through controlling the density of CFMDF-NP to the underbalanced drilling or approximately balanced drilling. Therefore, positive pressure differential would not take place. As a result, it would prevent the fluid loss in the coal seams.
Furthermore, the micromorphology of HV-CFMDF-NP observed with metallographic electron microscope was shown in Figure 5 . At ambient temperature and atmospheric pressure, microfoamed drilling fluid was in a nonaggregated, noncontinuous, and stable dispersive form. The shape of the bubble was sphere, and its diameter mainly ranged from 30 to 200 m. As mentioned above, the diameter of the bubble depended on not only the formula of the foamed drilling fluid but also the mixing conditions such as mixing speed and mixing time. Therefore, the bubble size could be controlled to match with the width or the diameter of the coal cleats or fractures and realize ideal sealing performance. Bubble groups might be suspended in a single and partially interconnected way in the system, and foam stability mainly depended on the film strength and continuous phase together to achieve specific performance [32] . The plateau boundary with point contact of microbubbles was not observed and the foam stability worked well.
Swelling Test.
In the swelling test, the man-made coal cores in contact with fresh water underwent the highest swelling increment (0.45 mm for 6 hours, as shown in Figure 6 ), indicating that the commonly used fresh water could cause the serious hydration of the man-made coal core and bring formation damage to CBM reservoirs with a high clay mineral content. It was confirmed that KCl was an inorganic inhibitor for clay hydration. Its 3% solution still experienced a swelling amount of 0.28 mm for 6 hours. Commonly used bentonite mud showed better inhibitive performance than 3% KCl solution. The HV-CFMDF-NP was observed with the lowest swelling increment (only 0.01 mm for 6 hours), indicating that it could effectively seal the natural cleats and the tectonic fractures and plug the nanosized pores of the coal core; therefore it could decrease the invasion of particles and filtration. Table 4 and Figure 7 presented the gas (N 2 ) permeability test results of original coal cores. With the JHGP intelligent gas permeability tester, the coal cores numbered with 1-3# had an average original gas permeability of 8.26 mD, 5.43 mD, and 2.28 mD, respectively. After being contaminated by the HV-CFMDF-NP at 2 MPa confining pressure and 1 MPa axle pressure for 2 hours in the JHCF core flowing tester, no leakage at the other side of the coal core was observed. The contaminated coal cores' average gas permeability decreased to 2.25 mD, 2.71 mD, and 1.35 mD, with a decreasing rate of 72.77%, 50.08%, and 40.72%, respectively. It indicated that the HV-CFMDF-NP could effectively seal the natural cleats, tectonic fractures, and nanosized pores of coal cores.
Gas Permeability Appraisal.
It also observed that the higher the original gas permeability of coal cores, the higher the decreasing ratio of gas permeability. It could be explained that higher gas permeability of coal core represented more DFD particles; LV-PAC and foam could plug and seal the cleats, fractures, and micropores of coal cores. Furthermore, the filtrate from the drilling fluid could invade the deeper space of coal cores.
After the contaminated side of coal cores was sliced by 5-8 mm, the recovered average gas permeability was 7.07 mD, 4.16 mD, and 1.96 mD, with the average recovery rate was 85.63%, 76.68% and 85.97%, respectively. It meant that the contaminated depth of the HV-CFMDF-NP to coal core was relatively shallow and it could be easily removed by frequently used perforation or hydraulic fracturing technology in oil and gas industry.
To get better comparison effect, 3% KCl solution was evaluated upon coal cores numbered with 6-7#. These two coal cores had an average original gas permeability of 10.46 mD and 2.79 mD, respectively. After being contaminated by 3% KCl solution in the JHCF core flowing tester, the average gas permeability of the coal cores decreased to 5.66 mD and 1.37 mD, with a decreasing rate of 45.89% and 50.90%, respectively. It is well known that KCl was a commonly used inorganic inhibitor. However, it still caused serious formation damage to original coal cores. This phenomenon highlighted the importance of low damage drilling fluid such as the CFMDF-NP. Moreover, obvious leakage of filtrate from the other side of core flowing tester was recorded as 7.68 mL and 0.2 mL, respectively. It meant that the coal cores were totally contaminated by KCl solution. It meant even the method of slicing or hydraulic fracturing could not remove the formation damage. 
Mechanism of Microfoamed Drilling Fluid Stabilized by
Nano-SiO 2 . Through a series of tests above, the clay free microfoamed drilling fluid stabilized by nano-SiO 2 (CFMDF-NP) showed excellent basic performance, good inhibitive capability, and low formation damage characteristic to coal rocks compared with the commonly used fresh water, bentonite mud, and 3% KCl solution in CBM drilling.
Function Mechanism of Nano-SiO 2 in Microfoamed
Drilling Fluid. Solid nanoparticles have been shown to permanently stabilize foams by assembling into layers at the gas/water interface. Binks and Horozov [33] demonstrated that foams (gas/water dispersions) could be generated and stabilized by silica nanoparticles without the need of surfactant. At proper sodium dodecyl sulfate concentrations, the surfactant molecules induced the SiO 2 particles to move to the interface and changed the structure of the surface layer [34] . The enhanced stability may be attributed to enhanced structural forces [35] and a large desorption energy of the particles from the interface [36] . Nanoparticle-stabilized foam is very stable because it needs more energy to get to or leave bubble surface than conventional surfactants; therefore the foamed drilling fluid with nano-SiO 2 has better stability [37, 38] . Furthermore, it was thought that the solid particle layers of particle stabilized foams might have similar solid-like properties when compressed [39] . On the other side, nano-SiO 2 had high surface activity which might bring higher foaming volume to foamed drilling fluid.
On the other hand, it is well known that the pore diameter of gas shales in China and North America is in a range of 5-300 nm and 8-100 nm separately [40] [41] [42] [43] [44] [45] . Therefore, the plugging mechanism of nano-SiO 2 acting on shales may be fit for coal rock. The plugging of nano-SiO 2 into shale had been confirmed by Sensoy et al. [46] carrying out the scanning electron microscope tests on the Atoka shale in contact with 20 nm nano-SiO 2 . It is difficult for nano-SiO 2 to plug all the pore throats; however, the average pore throats would decrease with the plugging of nano-SiO 2 into the pore throats, which would increase the capillary force and restrict the further invading of drilling fluids. On the other side, the sealing zone formed by nano-SiO 2 is beneficial to form thinner mud cake and lower fluid loss of drilling fluid. As a whole, physical plugging of nano-SiO 2 can block the nanosized pore throats, restrict the transmission of pore pressure, and therefore improve wellbore stability [47] .
Mechanism of Microfoamed Drilling Fluid
Stabilized by Nano-SiO 2 . The mechanism of the CFMDF-NP can be illustrated as follows, as shown in Figure 8 .
The CFMDF-NP had the controllable density (0.7-1.0 g/cm 3 ) which could be adapted to the low pressure characteristics of coal seams in China. In underbalanced drilling condition, the filtrate and particles of the drilling fluid could not invade into the reservoir and therefore the formation damage caused by drilling fluid could be avoided. It also had adjustable rheological properties to ensure borehole stability and cuttings transporting. Its bubble size was also controllable by the selection of drilling fluid formula or mixing conditions to match with the width of the cleats or fractures.
Ever under some circumstances where a positive pressure differential exists, the formation damage could be minimized by complex methods as follows. The elastic bubble (30-200 m) in the CFMDF-NP could adsorb and seal the natural cleats and tectonic fractures of coal rocks (Figure 8 ). It was acknowledged that once the nanosized pores formed in the matrix of the coal rock adsorbed water or filtration, the pore volume would reduce and restrict the desorption of methane from the nanosized pores to the cleats, resulting in formation damage. Fortunately, the 10-20 nm nano-SiO 2 in the CFMDF-NP could be temporally plugged into the nanosized pores with one or several particles' accumulation, as shown in Figure 8 . With the synergism of elastic bubble's sealing into the cleats and fractures plus the plugging of nanoSiO 2 into the nanosized pores, the invasion of particles and filtrate of drilling fluid into the coal rocks near the borehole could be minimized and therefore decrease the formation damage.
Moreover, the temporally contaminated zone around the borehole could be easily removed by the frequent perforation or hydraulic fracturing technology.
Conclusions
(1) In presence of nano-SiO 2 with the diameter from 10 to 20 nm, the stability of foamed drilling fluid could be improved by up to 50% whose half-value period could be prolonged by up to 200%. Unlike conventional foam stabilizers, nano-SiO 2 functions as not only a foam stabilizer but also a foaming agent. To nanoparticles like nano-SiO 2 , it needed more energy to reach or leave the bubble surface than conventional surfactants, leading to better stability of the foam drilling fluid.
(2) The geology pattern of CBM reservoirs in China makes the clay free microfoamed drilling fluid stabilized by nano-SiO 2 (CFMDF-NP) as required. It has controllable density (0.7-1 g/cm 3 ) which is easy to realize underbalanced drilling and therefore avoid particles and filtrate invasion into the coal rocks and further prevent formation damage. Its rheological performances can increase borehole stability and benefit solids transport capability.
(3) Even under a positive pressure differential, with the synergism of elastic bubble's sealing into the natural cleats and tectonic fractures plus the plugging of nano-SiO 2 into the nanosized pores, the invasion of particles and filtrate of drilling fluid into the coal rocks around the borehole could be minimized and therefore decrease the formation damage. The adjustable bubble size of the CFMDF-NP makes it possible to seal differently sized cleats and fractures perfectly.
(4) With 5-8 mm slicing, the recovery rate of gas permeability of coal rocks in contact with the CFMDF-NP reached up to 70%, which is far superior to the commonly used fresh water, bentonite mud and KCl solution. The temporally formed zone around the borehole could be easily removed by the frequent perforation or hydraulic fracturing technology.
